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METHODS AND APPARATUS OF STACKING 
DRAMS 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] This patent application claims the bene?t to United 
States Provisional Patent Application entitled “Methods and 
Apparatus of Stacking DRAMs,” Ser. No. 60/713,815, ?led 
on Sep. 2, 2005. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention is directed toWard the ?eld of 
building custom memory systems cost-e?fectively for a Wide 
range of markets. 

[0004] 2. Art Background 

[0005] Dynamic Random Access Memory (DRAM) is the 
most popular type of volatile memory and is Widely used in 
a number of different markets. The popularity of DRAMs is 
mostly due to their cost-e?fectiveness (Mb/S). The PC main 
memory market has traditionally been the largest consumer 
of DRAMs. 

[0006] The DRAM interface speed in several important 
markets is increasing rapidly. For example, the PC market 
today uses 667 MHZ DDR2 SDRAMs. The industry is on 
track to use 800 MHZ DDR2 SDRAMs in 2006. ElTort is 
also underWay in developing DDR3 SDRAMs that are 
expected to have interface speeds ranging from 800 MHZ to 
1600 MHZ. 

[0007] Signal integrity becomes increasingly challenging 
as the interface speed increases. At higher speeds, the 
number of loads on a memory channel must be decreased in 
order to ensure clean signals. For example, When the PC 
desktop segment used 133 MHZ SDRAMs, three DIMM 
slots per memory channel (or bus or interface) Was the norm 
When using unbu?fered modules. When this market segment 
adopted DDR SDRAMs and noW DDR2 SDRAMs, the 
number of DIMM slots per memory channel dropped to tWo. 
At DDR3 speeds, it is predicted that only one DIMM slot 
Will be possible per memory channel. This obviously places 
an upper limit on the maximum memory capacity of the 
system. 

[0008] Clearly there is a need for an invention that 
increases the memory capacity of a system in a manner that 
is both cost-elTective and compatible With existing and 
future standards While solving various technical problems 
like signal integrity. 

SUMMARY OF THE INVENTION 

[0009] In one embodiment, large capacity memory sys 
tems are constructed using stacked memory integrated cir 
cuits or chips. The stacked memory chips are constructed in 
such a Way that eliminates problems like signal integrity 
While still meeting current and future memory standards. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 illustrates one embodiment for a FB-DIMM. 

[0011] FIG. 2A includes the FB-DIMMs of FIG. 1 With 
annotations to illustrate latencies betWeen a memory con 
troller and tWo FB-DIMMs. 
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[0012] FIG. 2B illustrates latency in accessing an FB 
DIMM With DRAM stacks, Where each stack contains tWo 
DRAMs. 

[0013] FIG. 3 is a block diagram illustrating one embodi 
ment of a memory device that includes multiple memory 
core chips. 

[0014] FIG. 4 is a block diagram illustrating one embodi 
ment for partitioning a high speed DRAM device into 
asynchronous memory core chip and an interface chip. 

[0015] FIG. 5 is a block diagram illustrating one embodi 
ment for partitioning a memory device into a synchronous 
memory chip and a data interface chip. 

[0016] FIG. 6 illustrates one embodiment for stacked 
memory chips. 

[0017] FIG. 7 is a block diagram illustrating one embodi 
ment for interfacing a memory device to a DDR2 memory 
bus. 

[0018] FIG. 8a is a block diagram illustrating one embodi 
ment for stacking memory chips on a DIMM module. 

[0019] FIG. 8b is a block diagram illustrating one embodi 
ment for stacking memory chips With memory sparing. 

[0020] FIG. 80 is a block diagram illustrating operation of 
a Working pool of stack memory. 

[0021] FIG. 8d is a block diagram illustrating one embodi 
ment for implementing memory sparing for stacked memory 
chips. 
[0022] FIG. 8e is a block diagram illustrating one embodi 
ment for implementing memory sparing on a per stack basis. 

[0023] FIG. 9a is a block diagram illustrating memory 
mirroring in accordance With one embodiment. 

[0024] FIG. 9b is a block diagram illustrating one embodi 
ment for a memory device that enables memory mirroring. 

[0025] FIG. 90 is a block diagram illustrating one embodi 
ment for a mirrored memory system With stacks of memory. 

[0026] FIG. 9d is a block diagram illustrating one embodi 
ment for enabling memory mirroring simultaneously across 
all stacks of a DIMM. 

[0027] FIG. 9e is a block diagram illustrating one embodi 
ment for enabling memory mirroring on a per stack basis. 

[0028] FIG. 10a is a block diagram illustrating a stack of 
memory chips With memory RAID capability during execu 
tion of a Write operation. 

[0029] FIG. 10b is a block diagram illustrating a stack of 
memory chips With memory RAID capability during a read 
operation. 
[0030] FIG. 11 illustrates conventional impedance loading 
as a result of adding DRAMs to a high-speed memory bus. 

[0031] FIG. 12 illustrates impedance loading as a result of 
adding DRAMs to a high-speed memory bus in accordance 
With one embodiment. 

[0032] FIG. 13 is a block diagram illustrating one embodi 
ment for adding loW-speed memory chips using a socket. 

[0033] FIG. 14 illustrates a PCB With a socket located on 
top of a stack. 
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[0034] FIG. 15 illustrates a PCB With a socket located on 
the opposite side from the stack. 

[0035] FIG. 16 illustrates an upgrade PCB that contains 
one or more memory chips. 

[0036] FIG. 17 is a block diagram illustrating one embodi 
ment for stacking memory chips. 

[0037] FIG. 18 is a timing diagram for implementing 
memory RAID using a datamask (“DM”) signal in a three 
chip stack composed of 8 bit Wide DDR2 SDRAMS. 

DETAILED DESCRIPTION 

[0038] The disclosure of US. Provisional Patent Applica 
tion Ser. No. 60/713,815, entitled “Methods and Apparatus 
of Stacking DRAMs”, ?led on Sep. 2, 2005, is hereby 
expressly incorporated herein by reference. 

[0039] There are market segments such as servers and 
Workstations that require very large memory capacities. One 
Way to provide large memory capacity is to use Fully 
Buffered DIMMs (FB-DIMMs), Wherein the DRAMs are 
electrically isolated from the memory channel by an 
Advanced Memory Buffer (AMB). The FB-DIMM solution 
is expected to be used in the server and Workstation market 
segments. An AMB acts as a bridge betWeen the memory 
channel and the DRAMs, and also acts as a repeater. This 
ensures that the memory channel is alWays a point-to-point 
connection. FIG. 1 illustrates one embodiment of a memory 
channel With FB-DIMMs. FB-DIMMs 100 and 150 include 
DRAM chips (110 and 160) and AMBs 120 and 170. A 
high-speed bi-directional link 135 couples a memory con 
troller 130 to FB-DIMM 100. Similarly, FB-DIMM 100 is 
coupled to FB-DIMM 150 via high-speed bi-directional link 
140. Additional FB-DIMMs may be added in a similar 
manner. 

[0040] The FB-DIMM solution has some draWbacks, the 
tWo main ones being higher cost and higher latency (i.e. 
loWer performance). Each AMB is expected to cost $10-$15 
in volume, a substantial additional fraction of the memory 
module cost. In addition, each AMB introduces a substantial 
amount of latency (~5 ns). Therefore, as the memory capac 
ity of the system increases by adding more FB-DIMMs, the 
performance of the system degrades due to the latencies of 
successive AMBs. 

[0041] An alternate method of increasing mcmory capac 
ity is to stack DRAMs on top of each other. This increases 
the total memory capacity of the system Without adding 
additional distributed loads (instead, the electrical load is 
added at almost a single point). In addition, stacking 
DRAMs on top of each other reduces the performance 
impact of AMBs since multiple FB-DIMMs may be replaced 
by a single FB-DIMM that contains stacked DRAMs. FIG. 
2A includes the FB-DIMMs of FIG. 1 With annotations to 
illustrate latencies betWeen a memory controller and tWo 
FB-DIMMs. The latency betWeen memory controller 130 
and FB-DIMM 100 is the sum of t1 and tel, Wherein tl is the 
delay betWeen memory channel interface of the AMB 120 
and the DRAM interface of AMB 120 (i.e., the delay 
through AMB 120 When acting as a bridge), and tCl is the 
signal propagation delay betWeen memory controller 130 
and FB-DIMM 100. Note that tl includes the delay of the 
address/control signals through AMB 120 and optionally 
that of the data signals through AMB 120. Also, tCl includes 
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the propagation delay of signals from the memory controller 
130 to FB-DIMM 100 and optionally, that of the signals 
from FB-DIMM 100 to the memory controller 130. As 
shoWn in FIG. 2A, the latency betWeen memory controller 
130 and FB-DIMM 150 is the sum of t2+tl+tC1+tC2, Wherein 
t2 is the delay betWeen input and output memory channel 
interfaces of AMB 120 (i.e. When AMB 120 is operating as 
a repeater) and tC2 is a signal propagation delay betWeen 
FB-DIMM 100 and FB-DIMM 150. t2 includes the delay of 
the signals from the memory controller 130 to FB-DIMM 
150 through AMB 120, and optionally that of the signals 
from FB-DIMM 150 to memory controller 130 through 
AMB 120. Similarly, tC2 represents the propagation delay of 
signals from FB-DIMM 100 to FB-DIMM 150 and option 
ally that of signals from FB-DIMM 150 and FB-DIMM 100. 
tl represents the delay of the signals through an AMB chip 
that is operating as a bridge, Which in this instance, is AMB 
170. 

[0042] FIG. 2B illustrates latency in accessing an FB 
DIMM With DRAM stacks, Where each stack contains tWo 
DRAMs. In some embodiments, a “stack” comprises at least 
one DRAM chip. In other embodiments, a “stack” comprises 
an interface or buffer chip With at least one DRAM chip. 
FB-DIMM 210 includes three stacks of DRAMs (220, 230 
and 240) and AMB 250 accessed by memory controller 200. 
As shoWn in FIG. 2B, the latency for accessing the stacks of 
DRAMs is the sum oftl and tel. It can be seen from FIG. 2A 
and 2B that the latency is less in a memory channel With an 
FB-DIMM that contains 2-DRAM stacks than in a memory 
channel With tWo standard FB-DIMMs (i.e. FB-DIMMs 
With individual DRAMs). Note that FIG. 2B shoWs the case 
of 2 standard FB-DIMMs vs. an FB-DIMM that uses 

2-DRAM stacks as an example. HoWever, this may be 
extended to n standard FB-DIMMs vs. an FB-DIMM that 
uses n-DRAM stacks. 

[0043] Stacking high speed DRAMs on top of each other 
has its oWn challenges. As high speed DRAMs are stacked, 
their respective electrical loads or input parasitics (input 
capacitance, input inductance, etc.) add up, causing signal 
integrity and electrical loading problems and thus limiting 
the maximum interface speed at Which a stack may operate. 
In addition, the use of source synchronous strobe signals 
introduces an added level of complexity When stacking high 
speed DRAMs. 

[0044] Stacking low speed DRAMs on top of each other is 
easier than stacking high speed DRAMs on top of each 
other. Careful study of a high speed DRAM Will shoW that 
it consists of a loW speed memory core and a high speed 
interface. So, if We may separate a high speed DRAM into 
tWo chipsia loW speed memory chip and a high speed 
interface chip, We may stack multiple loW speed memory 
chips behind a single high speed interface chip. FIG. 3 is a 
block diagram illustrating one embodiment of a memory 
device that includes multiple memory core chips. Memory 
device 320 includes a high speed interface chip 300 and a 
plurality of loW speed memory chips 310 stacked behind 
high speed interface chip 300. One Way of partitioning is to 
separate a high speed DRAM into a loW speed, Wide, 
asynchronous memory core and a high speed interface chip. 
FIG. 4 is a block diagram illustrating one embodiment for 
partitioning a high speed DRAM device into asynchronous 
memory core and an interface chip. Memory device 400 
includes asynchronous memory core chip 420 interfaced to 
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a memory channel via interface chip 410. As shown in FIG. 
4, interface chip 410 receives address (430), command (440) 
and data (460) from an external data bus, and uses address 
(435), command & control (445 and 450) and data (465) 
over an internal data bus to communicate With asynchronous 
memory core chip 420. 

[0045] However, it must be noted that several other par 
titions are also possible. For example, the address bus of a 
high speed DRAM typically runs at a loWer speed than the 
data bus. For a DDR400 DDR SDRAM, the address bus runs 
at a 200 MHZ speed While the data bus runs at a 400 MHZ 
speed, Whereas for a DDR2-800 DDR2 SDRAM, the 
address bus runs at a 400 MHZ speed While the data bus runs 
at an 800 MHZ speed. High-speed DRAMs use pre-fetching 
in order to support high data rates. So, a DDR2-800 device 
runs internally at a rate equivalent to 200 MHZ rate except 
that 4n data bits are accessed from the memory core for each 
read or Write operation, Where n is the Width of the external 
data bus. The 4n internal data bits are multiplexed/de 
multiplexed onto the n external data pins, Which enables the 
external data pins to run at 4 times the internal data rate of 
200 MHZ. 

[0046] Thus another Way to partition, for example, a high 
speed n-bit Wide DDR2 SDRAM could be to split it into a 
sloWer, 4n-bit Wide, synchronous DRAM chip and a high 
speed data interface chip that does the 4n to n data multi 
plexing/de-multiplexing. FIG. 5 is a block diagram illustrat 
ing one embodiment for partitioning a memory device into 
a synchronous memory chip and a data interface chip. For 
this embodiment, memory device 500 includes synchronous 
memory chip 510 and a data interface chip 520. Synchro 
nous memory chip 510 receives address (530) and command 
& clock 540 from a memory channel. It also connected With 
data interface chip 520 through command & control (550) 
and data 570 over a 4n bit Wide internal data bus. Data 
interface chip 520 connects to an n-bit Wide external data 
bus 545 and a 4n-bit Wide internal data bus 570. In one 
embodiment, an n-bit Wide high speed DRAM may be 
partitioned into an m*n-bit Wide synchronous DRAM chip 
and a high-speed data interface chip that does the m*n-to-n 
data multiplexing/de-multiplexing, Where m is the amount 
of pre-fetching, m>l, and m is typically an even number. 

[0047] As explained above, While several different parti 
tions are possible, in some embodiments the partitioning 
should be done in such a Way that: 

[0048] the host system sees only a single load (per DIMM 
in the embodiments Where the memory devices are on a 
DIMM) on the high speed signals or pins of the memory 
channel or bus and the memory chips that are to be stacked 
on top of each other operate at a speed loWer than the data 
rate of the memory channel or bus (i.e. the rate of the 
external data bus), such that stacking these chips does not 
affect the signal integrity. 

[0049] Based on this, multiple memory chips may be 
stacked behind a single interface chip that interfaces to some 
or all of the signals of the memory channel. Note that this 
means that some or all of the I/O signals of a memory chip 
connect to the interface chip rather than directly to the 
memory channel or bus of the host system. The 1/0 signals 
from the multiple memory chips may be bussed together to 
the interface chip or may be connected as individual signals 
to the interface chip. Similarly, the I/O signals from the 
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multiple memory chips that are to be connected directly to 
the memory channel or bus of the host system may be bussed 
together or may be connected as individual signals to the 
external memory bus. One or more buses may be used When 
the I/O signals are to be bussed to either the interface chip 
or the memory channel or bus. Similarly, the poWer for the 
memory chips may be supplied by the interface chip or may 
come directly from the host system. 

[0050] FIG. 6 illustrates one embodiment for stacked 
memory chips. Memory chips (620, 630 and 640) include 
inputs and/or outputs for s1, s2, s3, s4 as Well as v1 and v2. 
The s1 and s2 inputs and/or outputs are coupled to external 
memory bus 650, and s3 and s4 inputs and/or outputs are 
coupled to interface chip 610. Memory signals s 1 and s4 are 
examples of signals that are not bussed. Memory signals s2 
and s3 are examples of bussed memory signals. Memory 
poWer rail V1 is an example of memory poWer connected 
directly to external bus 650, Whereas v2 is an example of 
memory poWer rail connected to interface 610. The memory 
chips that are to be stacked on top of each other may be 
stacked as dies or as individually packaged parts. One 
method is to stack individually packaged parts since these 
parts may be tested and bumt-in before stacking. In addition, 
since packaged parts may be stacked on top of each other 
and soldered together, it is quite easy to repair a stack. To 
illustrate, if a part in the stack Were to fail, the stack may be 
de-soldered and separated into individual packages, the 
failed chip may be replaced by a neW and functional chip, 
and the stack may be re-assembled. HoWever, it should be 
clear that repairing a stack as described above is time 
consuming and labor intensive. 

[0051] One Way to build an effective p-chip memory stack 
is to use p+q memory chips and an interface chip, Where the 
q extra memory chips (1 éqép, typically) are spare chips, 
Wherein p and q comprise integer values. If one or more of 
the p memory chips becomes damaged during assembly of 
the stack, they may be replaced With the spare chips. The 
post-assembly detection of a failed chip may either be done 
using a tester or using built-in self test (BIST) logic in the 
interface chip. The interface chip may also be designed to 
have the ability to replace a failed chip With a spare chip 
such that the replacement is transparent to the host system. 

[0052] This idea may be extended further to run-time (i.e. 
under normal operating conditions) replacement of memory 
chips in a stack. Electronic memory chips such as DRAMs 
are prone to hard and soft memory errors. A hard error is 
typically caused by broken or defective hardWare such that 
the memory chip consistently returns incorrect results. For 
example, a cell in the memory array might be stuck loW so 
that it alWays returns a value of “0” even When a “l” is 
stored in that cell. Hard errors are caused by silicon defects, 
bad solder joints, broken connector pins, etc. Hard errors 
may typically be screened by rigorous testing and burn-in of 
DRAM chips and memory modules. Soft errors are random, 
temporary errors that are caused When a disturbance near a 
memory cell alters the content of the cell. The disturbance is 
usually caused by cosmic particles impinging on the 
memory chips. Soft errors may be corrected by overWriting 
the bad content of the memory cell With the correct data. For 
DRAMs, soft errors are more prevalent than hard errors. 

[0053] Computer manufacturers use many techniques to 
deal With soft errors. The simplest Way is to use an error 
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correcting code (ECC), Where typically 72 bits are used to 
store 64 bits of data. This type of code allows the detection 
and correction of a single-bit error, and the detection of 
tWo-bit errors. ECC does not protect against a hard failure of 
a DRAM chip. Computer manufacturers use a technique 
called Chipkill or Advanced ECC to protect against this type 
of chip failure. Disk manufacturers use a technique called 
Redundant Array of Inexpensive Disks (RAID) to deal With 
similar disk errors. 

[0054] More advanced techniques such as memory spar 
ing, memory mirroring, and memory RAID are also avail 
able to protect against memory errors and provide higher 
levels of memory availability. These features are typically 
found on higher-end servers and require special logic in the 
memory controller. Memory sparing involves the use of a 
spare or redundant memory bank that replaces a memory 
bank that exhibits an unacceptable level of soft errors. A 
memory bank may be composed of a single DIMM or 
multiple DIMMs. Note that the memory bank in this dis 
cussion about advanced memory protection techniques 
should not be confused With the internal banks of DRAMs. 

[0055] In memory mirroring, every block of data is Written 
to system or Working memory as Well as to the same location 
in mirrored memory but data is read back only from Working 
memory. If a bank in the Working memory exhibits an 
unacceptable level of errors during read back, the Working 
memory Will be replaced by the mirrored memory. 
[0056] RAID is a Well-knoWn set of techniques used by 
the disk industry to protect against disk errors. Similar RAID 
techniques may be applied to memory technology to protect 
against memory errors. Memory RAID is similar in concept 
to RAID 3 or RAID 4 used in disk technology. In memory 
RAID a block of data (typically some integer number of 
cachelines) is Written to tWo or more memory banks While 
the parity for that block is stored in a dedicated parity bank. 
If any of the banks Were to fail, the block of data may be 
re-created With the data from the remaining banks and the 
parity data. 
[0057] These advanced techniques (memory sparing, 
memory mirroring, and memory RAID) have up to noW 
been implemented using individual DIMMs or groups of 
DIMMs. This obviously requires dedicated logic in the 
memory controller. HoWever, in this disclosure, such fea 
tures may mostly be implemented Within a memory stack 
and requiring only minimal or no additional support from 
the memory controller. 

[0058] A DIMM or FB-DIMM may be built using memory 
stacks instead of individual DRAMs. For example, a stan 
dard FB-DIMM might contain nine, 18, or more DDR2 
SDRAM chips. An FB-DIMM may contain nine 18, or more 
DDR2 stacks, Wherein each stack contains a DDR2 SDRAM 
interface chip and one or more loW speed memory chips 
stacked on top of it (i.e. electrically behind the interface 
chipithe interface chip is electrically betWeen the memory 
chips and the external memory bus). Similarly, a standard 
DDR2 DIMM may contain nine 18 or more DDR2 SDRAM 
chips. A DDR2 DIMM may instead contain nine 18, or more 
DDR2 stacks, Wherein each stack contains a DDR2 SDRAM 
interface chip and one or more loW speed memory chips 
stacked on top of it. An example of a DDR2 stack built 
according to one embodiment is shoWn in FIG. 7. 

[0059] FIG. 7 is a block diagram illustrating one embodi 
ment for interfacing a memory device to a DDR2 memory 
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bus. As shoWn in FIG. 7, memory device 700 comprises 
memory chips 720 coupled to DDR2 SDRAM interface chip 
710. In turn, DDR2 SDRAM interface chip 710 interfaces 
memory chips 720 to external DDR2 memory bus 730. As 
described previously, in one embodiment, an effective 
p-chip memory stack may be built With p+q memory chips 
and an interface chip, Where the q chips may be used as 
spares, and p and q are integer values. In order to implement 
memory sparing Within the stack, the p+q chips may be 
separated into tWo pools of chips: a Working pool of p chips 
and a spare pool of q chips. So, if a chip in the Working pool 
Were to fail, it may be replaced by a chip from the spare pool. 
The replacement of a failed Working chip by a spare chip 
may be triggered, for example, by the detection of a multi-bit 
failure in a Working chip, or When the number of errors in 
the data read back from a Working chip crosses a pre-de?ned 
or programmable error threshold. 

[0060] Since ECC is typically implemented across the 
entire 64 data bits in the memory channel and optionally, 
across a plurality of memory channels, the detection of 
single-bit or multi-bit errors in the data read back is only 
done by the memory controller (or the AME in the case of 
an FB-DIMM). The memory controller (or AMB) may be 
designed to keep a running count of errors in the data read 
back from each DIMM. If this running count of errors Were 
to exceed a certain pre-de?ned or programmed threshold, 
then the memory controller may communicate to the inter 
face chip to replace the chip in the Working pool that is 
generating the errors With a chip from the spare pool. 

[0061] For example, consider the case of a DDR2 DIMM. 
Let us assume that the DIMM contains nine DDR2 stacks 
(stack 0 through 8, Where stack 0 corresponds to the least 
signi?cant eight data bits of the 72-bit Wide memory chan 
nel, and stack 8 corresponds to the most signi?cant 8 data 
bits), and that each DDR2 stack consists of ?ve chips, four 
of Which are assigned to the Working pool and the ?fth chip 
is assigned to the spare pool. Let us also assume that the ?rst 
chip in the Working pool corresponds to address range 
[N-l :0], the second chip in the Working pool corresponds to 
address range [2N-l :N], the third chip in the Working pool 
corresponds to address range [3N-l :2N], and the fourth chip 
in the Working pool corresponds to address range [4N 
1:3N], Where “N” is an integer value. 

[0062] Under normal operating conditions, the memory 
controller may be designed to keep track of the errors in the 
data from the address ranges [4N—l:3N], [3N—l:2N], [2N 
l:N], and [N-l :0]. If, say, the errors in the data in the 
address range [3N—l:2N] exceeded the pre-de?ned thresh 
old, then the memory controller may instruct the interface 
chip in the stack to replace the third chip in the Working pool 
With the spare chip in the stack. This replacement may either 
be done simultaneously in all the nine stacks in the DIMM 
or may be done on a per-stack basis. Assume that the errors 
in the data from the address range [3N—l:2N] are con?ned 
to data bits [7:0] from the DIMM. In the former case, the 
third chip in all the stacks Will be replaced by the spare chip 
in the respective stacks. In the latter case, only the third chip 
in stack 0 (the LSB stack) Will be replaced by the spare chip 
in that stack. The latter case is more ?exible since it 
compensates for or tolerates one failing chip in each stack 
(Which need not be the same chip in all the stacks), Whereas 
the former case compensates for or tolerates one failing chip 
over all the stacks in the DIMM. So, in the latter case, for 






















